We present the results of a search for the reactivation of active asteroid 176P
INTRODUCTION
During the past several years, a number of objects orbiting in the main asteroid belt exhibiting comet-like activity have been discovered. The first of these objects, 133P/Elst-Pizarro, discovered in 1996 (Elst et al. 1996) , was originally suspected of exhibiting comet-like activity as a result of an impact on its surface by another asteroid (e.g., Tóth 2000) . Observations of repeated activity during subsequent perihelion passages (Hsieh et al. 2004 (Hsieh et al. , 2010 Lowry & Fitzsimmons 2005; Hsieh 2013 ), however, provide strong evidence against this initial explanation, and indicate instead that 133P's activity is most likely cometary in nature, i.e., driven by the sublimation of volatile ice (Hsieh et al. 2004 ). The subsequent discoveries in 2005 of two more such objects, 238P/Read and 176P/LINEAR (Read et al. 2005; , led to the designation of these objects as a new class of comets, the main-belt comets (MBCs; .
While additional MBCs continue to be discovered (259P/Garradd, P/2010 R2 (La Sagra), P/2006 VW 139 , P/2012 T1 (PANSTARRS), P/2013 R3 (Catalina-PANSTARRS); Garradd et al. 2008; Nomen et al. 2010; Hsieh et al. 2011c; Wainscoat et al. 2012; Hill et al. 2013) , objects that exhibit comet-like dust emission that does in fact appear to result from impacts or rotational disruption (P/2010 A2 (LINEAR), (596) Scheila, P/2012 F5 (Gibbs), P/2013 P5 (PANSTARRS); Jewitt et al. 2010 Jewitt et al. , 2011 Jewitt et al. , 2013 Snodgrass et al. 2010; Bodewits et al. 2011; Ishiguro et al. 2011; Stevenson et al. 2012 ) have also been discovered. Distinguishing sublimation-driven cometary activity from dust emission resulting from impacts, rotational disruption, or any of several other potential dust ejection mechanisms unrelated to sublimation (Jewitt 2012 ) is not a simple task, however. Direct spectroscopic detection of sublimation products in any MBC has proven extremely difficult to achieve, eluding all attempts to directly confirm the presence of sublimation to date (Jewitt et al. 2009; Hsieh et al. 2012b Hsieh et al. ,c, 2013 de Val-Borro et al. 2012; O'Rourke et al. 2013 ). These non-detections are likely due to the faintness of the objects (with typical V-band magnitudes of m V > 18) and low outgassing rates (cf. Hsieh et al. 2004) , and do not actually rule out the presence of sublimation products, but rather simply indicate that they fall below the detection limits of the discovery attempts made to date.
Due to the diversity of dynamically asteroidal objects exhibiting apparent cometary activity, as well as the diversity of opinions on what the defining observational, physical, and dynamical properties of asteroids and comets are, a variety of names have been sug-gested for such objects, including "activated asteroids" (cf. Hsieh et al. 2004) , "main-belt comets" , "active asteroids" (Jewitt 2012) , and "active main-belt objects" . In this work, we will use the term "main-belt comet" to refer to objects that occupy stable main-belt asteroid orbits and exhibit comet-like activity driven by the sublimation of volatile material, and the term "disrupted asteroid" to refer to objects that exhibit dust emission due to recent impacts (cf. Hsieh et al. 2012a ). Meanwhile, we will use the term "active asteroid" to describe any object with a dynamically asteroidal orbit that exhibits comet-like activity, whether the source of that activity is sublimation, a recent impact, or unclear or unknown.
Also known as asteroid (118401) (Hsieh et al. 2011a) . Anticipating the reappearance of activity following its next perihelion passage on 2011 July 1, de Val-Borro et al. (2012) performed a spectroscopic search for emission indicative of the presence of H 2 O using the Heterodyne Instrument for the Far Infrared onboard the Herschel Space Observatory on 2011 August 8. No H 2 O line emission was detected suggesting that any sublimation that may have been present was below the detection limits of the observations conducted, but also that the comet was likely less active during the HIFI observations than it was when observed in 2005 (de Val-Borro et al. 2012 .
In this work, we present deep optical observations of 176P obtained before, after, and during that 2011 perihelion passage in order to determine whether or not active dust emission did in fact resume during this period, where the confirmed resumption of activity would suggest very strongly that this active asteroid's activity is indeed sublimation-driven and a non-detection of activity would cast significant doubt on that conclusion.
OBSERVATIONS
Observations of 176P were obtained using multiple telescopes from 2010 through 2013, covering a substantial part of object's orbit during and after its 2011 July 1 perihelion passage. In particular, our observations completely overlap the true anomaly range of the observations reported by Hsieh et al. (2011a) , allowing us to directly compare the object's active behavior over identical orbit arcs (Figure 1) .
Facilities used include the University of Hawaii (UH) 2.2 m, the 8.2 m Subaru, the 8.1 m Gemini North (Program GN-2011B-Q-17), and the 10 m Keck I telescopes on Mauna Kea, the 1.8 m Pan-STARRS1 (PS1) survey telescope on Haleakala, the 2.5 m Irénée du Pont telescope at Las Campanas, the 3.54 m New Technology Telescope (NTT; Programs 184.C-1143 and 085.C-0363(A)) operated by the European Southern Observatory (ESO) at La Silla, and the 8.2 m Very Large Telescope (VLT; Program 086.C-0939(A)) operated by the European Southern Observatory (ESO) at Paranal.
We employed a 2048 × 2048 pixel Textronix CCD and Kron-Cousins filters for UH observations, the Subaru Prime Focus Camera, or Suprime-Cam (Miyazaki et al. 2002) , for Subaru observations, the Gemini MultiObject Spectrograph, or GMOS (Hook et al. 2004) , for Gemini observations, the Low-Resolution Imaging Spectrometer, or LRIS (Oke et al. 1995) , for Keck observations, a 1.4 gigapixel camera consisting of a mosaic of 60 orthogonal transfer arrays, each consisting of 64 590 × 598 pixel CCDs, for PS1 observations, the ESO Faint Object Spectrograph and Camera, or EFOSC2 (Buzzoni et al. 1984) , for NTT observations, and the visual and near-ultraviolet Focal Reducer and low dispersion Spectrograph, or FORS2 (Appenzeller et al. 1998) , for VLT observations. Gemini observations utilized a Sloan Digital Sky Survey (SDSS) r -band filter, while PS1 observations were obtained using a filter designated r P1 that closely approximates the SDSS r -band filter (Tonry et al. 2012) . All other observations were conducted using Kron-Cousins R-band filters. All observations were conducted using non-sidereal telescope tracking at the apparent rate and direction of the motion of 176P on the sky, except for PS1 observations which were conducted using sidereal tracking.
We performed standard bias subtraction and flat-field reduction (using dithered images of the twilight sky) for all data, except those from PS1, using Image Reduction and Analysis Facility (IRAF) software (Tody 1986 (Tody , 1993 . PS1 data were reduced using the system's Image Processing Pipeline (IPP; Magnier 2006) . Photometry of Landolt (1992) standard stars and field stars was performed by measuring net fluxes within circular apertures, with background sampled from surrounding circular annuli. For Gemini, VLT, Subaru, and PS1 data, for which Landolt standards were not available, and other data obtained under non-photometric conditions, absolute calibration was accomplished using SDSS field star magnitudes (Aihara et al. 2011 ). Conversion of r -band Gemini and PS1 photometry to R-band was accomplished using transformations derived by Tonry et al. (2012) and by R. Lupton (http://www.sdss.org/). Comet photometry was performed using circular apertures with varying radii depending on the nightly seeing, where background statistics were measured in nearby, but non-adjacent, regions of blank sky to avoid dust contamination from the comet. At least five field stars in all comet images were also measured to correct for extinction variation during each night.
To maximize signal-to-noise ratios, we construct composite images of the object for each night of data by shifting and aligning individual images on the object's photocenter using linear interpolation and then adding them together. The resulting composite images are shown in Figures 2 (showing data obtained prior to the object's 2011 perihelion passage), 3 (showing data obtained during and shortly after perihelion), and 4 (showing data obtained well after perihelion). We note that no visible cometary activity is immediately evident in any of these images.
RESULTS AND ANALYSIS

Photometric Analysis
One quantitative method for searching for low-level cometary activity is by using photometric analysis to investigate whether an object's brightness deviates from what is expected based on prior observations of the object when it was believed to be inactive. An increase in brightness for an object that is otherwise stellar in appearance could indicate the presence of unresolved coma surrounding the object. This technique was used to discover activity in 95P/(2060) Chiron (Bus et al. 1988; Tholen et al. 1988; Meech & Belton 1989; Hartmann et al. 1990 ).
The inactive photometric behavior of 176P has been previously established by Hsieh et al. (2011a) who derived best-fit IAU phase function parameters of H = 15.10 ± 0.05 mag and G = 0.15 ± 0.10. Using G = 0.15 ± 0.10, we can then compute the equivalent absolute magnitudes (at heliocentric and geocentric distances of R = ∆ = 1 AU and a solar phase angle of α = 0
• ) for all of our new observations of 176P (Table 1) , and then plot these data as a function of true anomaly ( Figure 5 ). For comparison, we also plot previously reported photometric data for 176P from Hsieh et al. (2011a) (shown in Table 2 ).
As is evident from Figure 5 , searching for activity in a small body in this way is complicated by rotational brightness variations. Hsieh et al. (2011a) found a rotational period for 176P of P rot = 22.23 ± 0.01 hr and a peak-to-trough photometric range of ∆m ∼ 0.7 mag (although this photometric range may vary at different observational epochs depending on aspect angle). Thus, a significant amount of the scatter seen in Figure 5 is likely due to rotational variations, and detecting any photometric enhancement in the data will rely on either detecting an enhancement well above the natural variation expected due to rotation, or by averaging the photometric measurements over time, given that for a sufficient number of sparsely sampled "snapshot" observations (where full lightcurves are not obtained), rotational variations should ultimately average to zero. To account for nights when at least partial lightcurves were obtained (i.e., where some photometric variation is clearly present), we compute the uncertainty, σ m , for the average magnitude of each night's observations using
where ∆m exp is the expected or assumed total photometric range, assumed here to be ∆m exp = 0.6 mag, and ∆m obs is the observed photometric range. We then use these magnitude uncertainties to compute weighted average magnitudes over the time periods in which we are interested (where in all cases, this assumed rotational uncertainty dominates the photometric uncertainties for all of our data). This technique is similar to those used to compute phase functions for objects where rotational lightcurves are not known (e.g., Maclennan & Hsieh 2012 ). While Figure 5 clearly illustrates the ∼0.3 mag photometric enhancement during 176P's 2005 active period that was noted by Hsieh et al. (2011a) , we see no indication of a photometric enhancement in the average brightness of 176P as observed between June and September 2011 when it was traversing the same part of its orbit as in 2005 (marked by the gray highlighted region in the figure), suggesting that it was inactive during this time. We therefore conclude that no photometric indication of repeated activity in 176P in 2011 is detected by our analysis.
Azimuthal Tail Search
Since in 2005, 176P's activity was clearly dominated by its faint tail with very little evidence of coma, we conduct a search for similar activity in our 2011 data where we assume directed dust emission in the form of a tail. To do so, we use the composite images constructed for our one-dimensional surface brightness profile analyses (Section 3.3), except that instead of rotating the images such that star trails are horizontal in the image frame, we maintain a standard orientation for all images with North up and East left. We then measure the average brightness of the sky surrounding the object within small rectangles (∼100 pixels each) at position angles around the object's nucleus ranging from 0
• to 360
• (East of North) in 15
• intervals. For each image, the sizes and positions of these rectangles are selected to exclude as much of the nucleus's PSF as possible while also avoiding any visible nearby field stars or galaxies. We then subtract the average sky background (measured from nearby regions of blank sky) and normalize the results to the peak brightness of the object itself.
Our data varies in quality over the course of our 2011 observations, as shown by the uncertainties plotted in Figure 6 , which are the standard deviations computed for several samples of blank sky in each composite image. Nonetheless, our resulting plots ( Figure 6 ) show no consistent evidence of excess sky flux at a particular position angle around the nucleus (where the position angles of the projected anti-solar vector and orbit plane remain unchanged for the majority of the 2011 observing period) that would indicate the presence of a tail similar to that observed in 2005. For comparison, the same analysis performed on the 2005 Gemini data for this object when it was active shows a clear and consistent brightness excess at a position angle of ∼90
• (Figure 7 ).
3.3. Surface Brightness Profile Analysis Another method of searching for low-level activity is by searching for deviations in an object's surface brightness profile as compared to surface brightness profiles of nearby stellar sources. Due to the apparent nonsidereal motion of 176P on the sky and our generally long (> 300 s) exposure times, however, stellar sources are significantly trailed in the majority of our data. PS1 data were obtained using sidereal telescope tracking, and so for those data, stellar sources are untrailed while the object is trailed. Due to the short exposure times of the PS1 observations, the trailing of the object is smaller in those data compared to our other data, but given the low level of activity we wish to be sensitive to, we also consider that trailing to be non-negligible. As such, to avoid these trailing effects, we conduct our search for activity in 176P by analyzing one-dimensional surface brightness profiles measured perpendicularly to the direction of the object's apparent non-sidereal motion (i.e., the direction of trailing) (cf. Luu & Jewitt 1992; Hsieh & Jewitt 2005) .
In addition to the composite images constructed by aligning images on 176P described in Section 2, we also construct composite images aligned on field stars. To do so, instead of computing the appropriate offsets from a single reference point (i.e., the object), we compute average offsets from measurements of the photocenters of several nearby field stars. All composite images (including those aligned on the object and on field stars) are then rotated by appropriate angles to align star (or object) trails horizontally in the image frame. We then measure one-dimensional surface brightness profiles by averaging over horizontal rows over the entire widths of the object and reference stars and subtracting sky background sampled from nearby areas of blank sky. Object and stellar profiles are then normalized to unity at their peaks and plotted together to search for dissimilarities, specifically excesses in 176P's profile, that could indicate the presence of near-nucleus coma (Figure 8) .
We perform this procedure for all data obtained between June and December 2011 during which the object was expected to be potentially active, and find no consistent evidence of excess flux that would indicate the presence of a coma. We note however that when it was initially observed to be active in 2005, 176P primarily exhibited a faint tail with little evidence of any coma. As such, for comparison, we perform this same surface brightness analysis on Gemini observations of 176P from 2005 when the tail was clearly visible (Hsieh et al. 2011a) , and plot the results in Figure 9 . No evidence of a coma is seen in these plots either, indicating that even if 176P had exhibited the same type of activity in 2011 as it did in 2005, this one-dimensional surface brightness analysis would not be the ideal means for detecting it, given that it is primarily sensitive to radially-symmetric coma and not directed emission.
DISCUSSION
Jewitt (2012) described several mechanisms by which a small solar system body could eject mass and potentially be observed to exhibit comet-like activity. Among the mechanisms considered were rotational instability, electrostatic levitation, thermal fracturing, shock dehydration, and radiation pressure sweeping, but as many of these mechanisms require certain specific and often atypical physical conditions to be plausible, the primary dust ejection mechanisms considered when comet-like activity is observed are sublimation and impact ejection. Hsieh et al. (2012a) described several possible criteria for discriminating between these two primary mass loss mechanisms. Among the conditions indicating that activity could be sublimation-driven are steadily increasing activity levels during long-lived active episodes (e.g., as in the cases of P/La Sagra and P/2012 T1; Hsieh et al. 2012c Hsieh et al. , 2013 , "comet-like" dust cloud morphologies (e.g., as in the cases of 259P and P/2006 VW 139 ; Jewitt et al. 2009; Hsieh et al. 2012b) , and recurrent activity separated by intervening periods of inactivity (e.g., as in the cases of 133P and 238P; Hsieh 2013; Hsieh et al. 2004 Hsieh et al. , 2010 Hsieh et al. , 2011b . In contrast, among the criteria indicating that activity could be impact-generated (and that the body itself may not necessarily contain any ice) are rapidly decreasing activity levels and short-lived active episodes, unusual dust cloud morphologies, and a lack of repeated activity. It was noted, however, that many of these criteria are not definitive indicators on their own and that supplemental evidence and analysis (e.g., numerical dust modeling) is generally needed to confidently determine the nature of a given comet-like object (e.g., Hsieh et al. 2004 Hsieh et al. , 2009a Hsieh et al. , 2011a Hsieh et al. , 2012b Jewitt et al. 2010 Jewitt et al. , 2011 Snodgrass et al. 2010; Ishiguro et al. 2011; Moreno et al. 2011a Moreno et al. ,b, 2012 Moreno et al. , 2013 Stevenson et al. 2012) . Even then, due to the typically highly underconstrained nature of these cases and the large number of free parameters in all of the dust models in use, even dust modeling can sometimes lead to incorrect conclusions (e.g., Moreno et al. 2010 ).
In the case of 176P, Hsieh et al. (2011a) observationally confirmed the presence of persistent activity over at least 33 days (2005 November 26 through 2005 December 29), and perhaps as long as 66 days depending on whether an earlier photometric detection of activity on 2005 October 24 is considered reliable. However, no significant increase or decrease of activity strength was clearly detected during this period. In terms of morphology, 176P's activity primarily consisted of a faint fan-shaped dust tail with no significant coma. Notably, the dust tail was not aligned either with the projection of the anti-solar vector on the plane of the sky, nor with the object's orbit plane, however, leading the authors to suggest that the tail could be due to a near-polar jet of directed ejected material. Finally, while dust modeling of directed jet-like emission persisting over the observed active period of the object was able to reproduce the observed morphological evolution of the tail, modeling of impulsive emission events (i.e., as would be expected from an impact) was not able to match the observations. The key constraint in this case was the persistence of the activity. Hsieh et al. (2011a) observed activity on 2005 November 26 and 2005 December 29, but saw no evidence of activity on 2006 February 3. In the event of an impulsive emission event, if large particles were assumed to dominate the observed dust cloud, modeling indicated that the tail should have still been visible during the February observations. However, if smaller particles were assumed to dominate the observed dust cloud, the modeled tail would dissipate by the time of the February observations, but in that case, the tail would also have been absent at the time of the December observations. As such, an impulsive dust emission event was ruled out on the basis that no single particle size distribution could reproduce a tail that remained visible in November and December, but disappeared by February.
Despite these modeling results, however, the lack of a detection of repeated activity in 2011 now casts doubt on the classification of 176P as a "true" MBC (for which cometary activity is driven by sublimation). The significance of repeated activity is that assuming that an object possesses a supply of volatile material and that it is not completely exhausted from the object's previous active episode, that volatile material would be expected to continue to undergo future periods of sublimation, e.g., each time the object passes perihelion, such as in the case of 133P (Hsieh et al. 2004 (Hsieh et al. , 2010 Lowry & Fitzsimmons 2005; Hsieh 2013 ). In the case of an impact-generated active episode, however, repeated activity over a short period of time would not be expected since that would require the same object to experience multiple impacts in that span of time when similar impacts are not observed at anywhere near the same frequency for other asteroids.
Could 176P's activity simply have escaped detection in 2011? While the heliocentric distance of the object during its 2011 perihelion passage was similar to its heliocentric distance in 2005, the geocentric distance ranged between ∆ = 1.6 AU and ∆ = 2.2 AU (ν = 1.4
• to ν = 18.6
• ) during its 2005 active period. For comparison, in 2011, over the same true anomaly range, 176P's geocentric distance ranged from ∆ = 2.9 AU to ∆ = 2.2 AU. As such, even though 176P's discovery images were taken at a much closer geocentric distance than any observations taken in 2011, we at least have directly comparable sets of observations from 2005 December 29 (Gemini, 3060 s effective exposure time, ν = 18.6
• , R = 2.60 AU, ∆ = 2.2 AU, α = 21.7
• , FWHM seeing ∼ 0. 7), when activity was clearly visible, and 2011 September 25 (Gemini, 1440 s effective exposure time, ν = 22.4
• , R = 2.61 AU, ∆ = 1.99 AU, α = 19.9
• , FWHM seeing ∼ 0. 5), when no activity was detected. Revisiting the 2005 data, we find a tail surface brightness of Σ = 25.2 mag arcsec −2 in the 2005 December 29 Gemini data. Such a tail, if present, should have been clearly detectable in the 2011 September 25 Gemini data for which we compute a 3-σ surface brightness detection limit of Σ lim = 27.4 mag arcsec −2 . Given that no such tail is evident at all in the data (Figures 3h, 6h) , we conclude that no activity is present. This result confirms the conclusions of de Val-Borro et al. (2012) The non-detection of activity during 176P's 2011 perihelion passage appears to suggest that its 2005 activity could have been due to an impact and that the object should actually be considered a disrupted asteroid and not a MBC. As discussed above, in 2005, 176P's tail did not correspond to either the direction of the projected antisolar vector on the sky or with the object's orbit plane (Hsieh et al. 2011a) , similar to what was observed for disrupted asteroid (596) Scheila in 2010, suggesting that an unusual dust ejection mechanism, such as a collision, could be responsible. The relatively constant activity level observed for 176P over its 2005 active period stands in sharp contrast, however, to Scheila's rapid fading (30% in just 8 days; Jewitt et al. 2011) .
Rather than exhibiting impact-generated dust emission, then, it could simply be that 176P did in fact exhibit sublimation-driven activity in 2005, but in doing so, exhausted most of its limited supply of volatile material. Mantling could have also occurred following the initial active episode (cf. Jewitt 1996) , quenching future outbursts. Both of these possibilities would be consistent with the conclusions of Hsieh et al. (2011a) who suggested that 176P was primarily ejecting dust from an isolated active site near one of its rotational poles (leading to jet-like directed emission), since the smaller the total active area on 176P's surface responsible for driving its activity, the more plausible it would be for the volatile supply near that particular site to be either effectively completely exhausted or effectively completely quenched by mantling by a single active episode. The greater longevity of activity on other MBCs like 133P and 238P, both in terms of the duration of individual active episodes and the number of times those active episodes repeat, could be due to those objects having a larger total volatile content, or alternatively simply having larger or more volatile-rich active sites.
Unfortunately, it is unclear how we might be able to observationally confirm this hypothesis. If the active site responsible for 176P's 2005 activity is now completely devolatilized or quenched by mantling, no further activity would be expected. This expectation of course would be the same if 176P's original activity were due to an impact, and so is not a particularly discriminating prediction. The only meaningful path forward may simply be to conduct further characterization studies of other MBCs, focusing in particular on monitoring changes in activity strength from one active episode to another to better understand volatile depletion and mantling processes on MBCs and gain insights that could be useful for explaining 176P's behavior. Continued monitoring of 176P to search for resumed activity in the future could also be useful in the event that a new active site is exposed either by another collision or thermal stresses.
SUMMARY
We present the results of a search for the reactivation of 176P during its 2011 perihelion passage using deep optical observations obtained before, during, and after that perihelion passage, finding the following key results:
1. Photometric measurements of 176P obtained between June 2011 and December 2011 show no evidence of a photometric enhancement similar to that observed for 176P between November 2005 and December 2005 when it was previously observed to be visibly active. The average magnitude of the object measured during this period is entirely consistent with brightness predictions for an inactive nucleus.
2. An azimuthal search for directed dust emission (e.g., a tail) likewise revealed no consistent evidence for activity in 2011 in the form of directed emission, though a similar analysis of data obtained in 2005 show clear evidence for such directed emission.
3. We also conduct a one-dimensional surface brightness profile analysis for data obtained in 2011, finding no evidence of activity in the form of excess flux in the surface brightness profile of the object as compared to nearby reference field stars. We note however that a similar analysis of data obtained in 2005 also show no evidence of excess flux, even though activity is clearly present in the form of a tail, and attribute this finding to the fact that this technique is best suited for the detection of a spherically symmetric coma and not directed emission, which is what was previously observed for 176P.
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